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Poly(lactide) (PLA) is currently attracting considerable interest
as a biodegradable thermoplastic derived from “carbon-neutral”
biomass feedstocks.1 Specifically, isotactic poly(L-lactide) has
been commercialized with annual production capacity exceeding
105 metric tons, using L-lactide as monomer obtained by thermo-
lysis of oligo(L-lactide).2 During this catalytic process, significant
amounts of rac-lactide as well as meso-lactide are formed as
byproducts. Whereas rac-lactide can be polymerized to give
heterotactic3 PLA or stereocomplex PLA consisting of isotactic
poly(L-lactide) and poly(D-lactide) by structurally well-defined
initiators,4 there are only few reports on syndioselective initiators
for the ring-opening polymerization (ROP) of meso-lactide to
give poly(lactide) with alternating, R- and S- stereocenters,
configuration along the polymer backbone.5 In 1999, Coates
and Ovitt reported that by using an enantiopure aluminum-
salen complex [Al(SalBinap)(OR)],meso-lactide is converted into
crystalline syndiotactic poly(lactide) withTm of 150 �C, while the
yttrium complexwith the same ligandwas not active.5h Peculiarly,
this work remained the only report on highly syndioselective
initiators for this currently still valueless stereoisomer of L-lactide.6

The mechanism suggested by Coates and Ovitt was based on a
site control at a chiral site. It occurred to us that an initiator that
polymerizes rac-lactide to give high heterotactic PLA should
polymerizemeso-lactide with highly syndiotacticity, provided the
initiator’s dynamic properties results in attack of one of the two
diastereotopic sites in meso-lactide (Scheme 1). We report here
that heteroselective initiators for rac-lactide based on group 3
bis(phenolate) complexes with a “temporary” chiral reaction site
are in principle capable of ROP ofmeso-lactide producing highly
syndiotactic PLAs.

Heteroselective rare-earth metal inititators containing a 1,
ω-dithia-alkanediyl-bridged bis(phenolato) ligand with bulky
groups at the ortho-substituent R1 are readily synthesized using
[Ln{N(SiHMe2)2}3]

3c,d (Figure 1). Complexes 1-7 polymerized
meso-lactide rapidly at room temperature (Table 1). The molec-
ular weights are close to calculated values (except for the extremely
active initiators 2 and 4), and the polydispersity (Mw/Mn) of the
polymers are in the range 1.3-2.1 (indicative of transesterification
due to the high activity of initiators 2 and 4).

Complex 7 was previously reported to be active in the hetero-
tactic polymerization of rac-lactide (>93% heterotacticity).3c

With an initiator 7: meso-lactide ratio of 1:52, full conversion is
attainedwithin 30min inC6D6withMn of 6500 g/mol,Mw/Mn of
1.22, and syndiotacticity Ps of 0.91. An increase in the initiator:
monomer ratio to 1:200 led to polymers with increasedmolecular
weight, from10500 g/molwith aMw/Mn of 1.68 (Table S1, entry 1)
to 34750 g/mol with a Mw/Mn of 2.04 (Table S1, entry 3).

The controlled behavior of the polymerization has been
established using complex 7. Variation of the [mon]/[initiator]

ratio from50 to 1000 showed linear relationshipwith themolecular
weight experimental (Figure S2).

Figure 2 shows the methine region of the 1H{1H} NMR
spectra of the PLA obtained using complex 4 and 7 containing
different type of linker and ortho-substituents. The DSC of the
sample polymerized using 4 shows a Tm of 119.1 �C, indicating
partial crystallinity (Figure S22).

When initiators 1, 3, 6, and 7 all with ortho tert-butyl
substituents are compared, complex 6 with a C3-link gave the
highest syndiotacticity under the same polymerization conditions
(Ps of 0.90, Table 1, entry 6). This finding is in agreement with the
previously reported results for the polymerization of rac-lactide
using 6 (95% heterotacticity).3c Fast conversion and high syn-
diotacticity were achieved with the C2-bridged scandium deriva-
tive 2 and 4 containing o-cumyl substituents in the phenoxy group
(Ps > 0.92). Initiators with bulkier o-cumyl substituents appear
to give better tacticity control than those with tert-butyl substit-
uents (Table 1, entries 2 and 1).

Preliminary data showed that polymerization is faster in
toluene than in THF (Figure S1). The polymerization using

Figure 1. Rare-earth metal complexes 1-7 as ROP initiators.

Scheme 1. Proposed Mechanism for the Polymerization of meso-
Lactide

*To whom correspondence should be addressed.



10202 Macromolecules, Vol. 43, No. 24, 2010 Communication

complex 7 in THF gave polymers with molecular weights higher
than those calculated, in comparison to the polymerization in
toluene (Table S2). The syndiotacticity values of Ps remained at
the same level (0.86). These findings indicate that the Lewis base,
THF, blocks the coordination site.

Polymerization ofmeso-lactide in themelt (60, 100, and130 �C)
using scandium complex 7 (1:200) was rapid (50% monomer
conversion<10min) and controlled (Table S3). Tacticity control
(Ps > 0.83) was as good as that observed in solution.

In addition, scandium-based initiators were more active and
more heteroselective than those based on trivalent Lewis acidic
metals yttrium, lutetium, and aluminum, when used for the
polymerization of rac-lactide.3d For the polymerization of meso-
lactide using the yttrium complex 5, a decrease in both activity
and syndiotacticity was noted. With an initiator:lactide ratio of
1:100, at room temperature, the scandium complex 4 showed
complete conversionwithin 30min andPs of 0.92 (Table 1, entry 4),
whereas the yttrium complex 5 led to 79% conversion and Ps of
only 0.71 (Table 1, entry 5).

Interestingly, Coates and Ovitt reported that the racemic
aluminum-salen complex [Al(SalBinap)(OR)] polymerizedmeso-
lactide to give heterotactic PLA.5e When enantiopure RR-4 was
used for ROP of meso-lactide under the same condition as used
for racemic complex 4, syndiotactic PLA was obtained with
Mn of 57 000, Mw/Mn of 2.34, and Ps of 0.93.

The somewhat broader polydispersity of the PLAs obtained
using the rare-earthmetal initiatorswas ascribed to chain transfer
reaction due to their high activity. A previously reported indium
initiator,7 which is structurally related to 1, gave highly syndio-
tactic PLA (Ps of 0.93) at room temperature withMw/Mn of 1.05
at an initiator:meso-lactide ratio of 1:100 and full conversion after
16 h (Table S4, entry 2).

Finally, to further test the hypothesis on the suitability of
heteroselective initiators in rac-lactide for the syndioselective
polymerizationofmeso-lactide, aC3-symmetric zirconiumalkoxide
introduced by Davidson et al.3h,8 was examined: syndiotactic

PLA was obtained withMn of 15 000,Mw/Mn of 1.17, and Ps of
0.85, corroborating that the highly heteroselective initiator offers
a reaction site for syndiotactic enchainment of meso-lactide.
(Table S4, entry 2).

In conclusion,meso-lactide has been efficiently polymerized by
trivalent rare-earth metal initiators with a tetradentate (OSSO)-
type ligand to give PLA with high syndiotacticity (Ps=0.88-
0.93). In addition to the site control mechanism operating at a
stereorigid chiral ligand sphere, highly heteroselective initiators
forROPof rac-lactide generally appear to polymerizemeso-lactide
syndiospecifically.9
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Table 1. ROP of meso-Lactide Initiated by Complexes 1-7
a

entry initiator % convb Mn,exp
c (g/mol) Mn,theo

d (g/mol) Mw/Mn
c Ps

e

1 1 >99 12 500 14 263 1.29 0.88
2 2 88 40 000 12 683 1.85 0.93
3 3 >99 16 000 14 263 1.71 0.89
4 4 >99 56 500 14 263 1.80 0.92
5 5 79 8 500 11 386 1.94 0.71
6 6 >99 13 250 14 263 2.15 0.90
7 7 >99 19 000 14 263 1.80 0.89
aPolymerization conditions: [mon]/[initiator] = 100, 25 �C, 30 min,

toluene. bConversion of monomer (([mon]0 - [mon]t)/[mon]0).
cMea-

sured by GPC, calibrated with PS standards in THF. dCalculated using
Mn,theo= [mon]/[initiator]�Mmon� conv. ePs is the probability for the
formation of a new s dyad, calculated from 1H{1H}NMR spectra, error
(0.03 (ref 10).

Figure 2. Homonuclear decoupled 1H{1H} NMR spectra of the
methine region of poly(meso-lactide) synthesized using (a) 4 and (b) 7.
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